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The problem of allocating bandwidth on the upstream chan- 
nel of an HFC cable network for contention-based transmis- 
sion of requests that are used to reserve upstream bandwidth 
for transmission of user data is solved by a method of 
allocation which dynamically adapts to the prevailing 
offered load of reservation requests. In one embodiment this 
is done by determining an appropriate size for a contention 
interval in each upstream transmission frame by attempting 
to balance the rates of flow of user data into and out of a 
virtual global data queue using a fluid approximation 
method that is based on a solution to a balanced equation 
relating the demand and supply of slots for data transmission 
within each frame. 
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METHOD AND DEVICE FOR BANDWIDTH 

ALLOCATION IN MULTIPLE ACCESS 
PROTOCOLS WITH CONTENTION-BASED 
RESERVATION 

This application claims the benefit of provisional appli- 
cation No. 60/151,885, Sep. 1, 1999. 

FIELD OF THE INVENTION 

The invention relates generally to communication 
systems, and more particularly to scheduling for bandwidth 
allocation in a shared medium communication network that 
employs a contention-based reservation mechanism for 
coordinating channel access. 

BACKGROUND OF THE INVENTION 
Communication networks and technologies have been 
evolving rapidly to meet current and future demands for 
efficient remote information exchange and high-speed Inter- 
net access. In some communication networks, referred to as 
shared medium networks, transmission resources are shared 
among a population of users. In a shared medium network, 
users independently access the network via stations, and 
uncoordinated transmissions from different stations may 
interfere with one another. Such a network typically includes 
a number of secondary stations that transmit on the shared 
channel, and a single primary station situated at a common 
receiving end of the shared channel for, among other things, 
coordinating access by the secondary stations to the shared 
channel. 

Protocols that are employed to coordinate access to a 
shared channel are often referred to as Medium Access 
Control (MAC) protocols. MAC protocols fall into two 
basic categories: contention-based and contention -free pro- 
tocols. In contention-based protocols, end users contend 
with one another to access channel resources. Collisions are 
not avoided by design, but are either controlled by requiring 
retransmissions to be randomly delayed, or resolved using a 
variety of other contention resolution strategies. In 
contention-free protocols, end users access a shared channel 
in a controlled manner such that transmissions are scheduled 
either statically, or adaptively so that collisions are com- 
pletely avoided. 

An example of a contention-based MAC protocol is 
known as an Aloha protocol. Its original version, which 
operates with continuous or uaslotted time is referred to as 
Unslotted Aloha. The behavior and performance of Unslot- 
ted Aloha have been studied widely, and its maximum 
throughput is well known to be l/(2e). A later version of the 
Aloha protocol, which operates with discrete or slotted time, 
is referred to as Slotted Aloha. Many variations and exten- 
sions have been derived from the original Slotted Aloha 
protocol. In this protocol, and most of its derivatives, 
provided the probability of a new transmission and that of a 
retransmission in each slot are small, the throughput in a slot 
can be approximated by G(n) exp{-G(n)}, where G(n) is the 
offered load or attempt rate i.e., the number of packet 
arrivals per packet transmission opportunity, which is a 
function of n that denotes the number of backlogged users at 
the beginning of a given time slot. It follows that the 
maximum throughput of Slotted Aloha is l/e=0.368, which 
is attained when G(n)=l, i.e. one packet arrival per packet 
transmission opportunity. The constant e is the base for 
natural logarithm. It is to be noted that the value 1/e reflects 
the efficiency of Slotted Aloha, as it indicates on the average 
one successful packet transmission every e packet transmis- 
sion opportunities. 
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Most contention-based protocols, including the Aloha 
protocols, resolve collisions by using feedback information 
on the number of users involved in the collisions. Based on 
this feedback information, each backlogged user executes a 

5 predetermined back off strategy to ensure stable operation of 
the protocol. In practice, feedback information used is 
typically ternary indicating zero, one, or more transmissions, 
or binary indicating exactly one transmission or otherwise. 
It is well known that ordinary Slotted Aloha is unstable. 

10 Various methods for stabilizing Slotted Aloha exist, and 
many of them resort to adaptive control of the back off 
scheme based on one or more states of the contention 
process. When the actual values of these states are not 
observable, they are estimated by a variety of means. The 

15 stability of Slotted Aloha can be controlled by means of a 
dynamic frame structure, based on an a posteriori expected 
value of the backlog at the beginning of each frame. Rivest 
proposed a Pseudo-Bayesian algorithm to maintain the 
attempt rate G(n) close to 1 by estimating the number, n, of 

2Q backlogged users at the beginning of each slot (Rivest, 
"Network Control by Bayesian Broadcast/' technical report 
MIT/LCS/m-287,MITLab. for Computer Science, 1985). 
A minimum mean-squared error predictor for estimating the 
channel backlog in Slotted Aloha was proposed by Tho- 

25 mopoulos for regulating the retransmission probability 
according to a recursive function of the channel backlog 
estimate (Thomopoulos, "A Simple and Versatile Decentral- 
ized Control for Slotted Aloha, Reservation Aloha, and 
Local Area Networks," IEEE Trans, on Communications, 

30 Vol. 36, No. 6, June 1988). 

In a contention-free multiple access protocol with static 
scheduling, such as that of a Time Division Multiple Access 
(TDMA) scheme, a predetermined transmission pattern is 
repeated periodically. The users may access channel 

35 resources only during the time intervals assigned to them 
individually. Contention-free protocols with static schedul- 
ing for resource allocation are inefficient for supporting a 
large population of users where, typically, only a fraction of 
the users are active at any time. In a contention-free multiple 

40 access protocol with adaptive scheduling, the transmission 
pattern may be modified in each cycle, via reservation, to 
accommodate dynamic traffic demand. A reservation scheme 
typically requires a centralized controller to manage reser- 
vations. A fraction of the channel, or a separate channel, is 

45 often used to support the overhead due to reservation. 

It has been known that reservation protocols with 
contention-based transmission of request messages are par- 
ticularly suitable for a shared medium communication sys- 
tem in which there is a large population of bursty users with 

50 long messages. This is the case in a Hybrid Fiber Coaxial 
Cable Network with a Cable TV headend coupled through 
an optical fiber mode to a two way coaxial amplifier to 
which are attached a number of cable modems. 

In the prior art, the channel is modeled as a stream of 

55 transmission slots of a fixed size. The channel is divided into 
frames, wherein the number of transmission slots in each 
frame is fixed. Each frame consists of a contention interval, 
and a data interval. Each contention interval contains a 
number of contention slots that are allocated for contention- 

60 based transmission of reservation packets in accordance 
with the Slotted Aloha protocol. Each reservation packet 
carries appropriate control information including the num- 
ber of data slots requested. Each data interval contains a 
number of data slots that are allocated for transmission of 

65 reserved data packets. Depending on the granularity of the 
transmission slots, a contention slot may be an integral 
fraction of a transmission slot or an integral multiple of a 
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transmission slot. Typically, the granularity of the transmis- 
sion slots is selected such that a data slot is either a single 
transmission slot or an integral multiple of a transmission 
slot. In any case, a contention slot is typically much smaller 
than a data slot. 

Szpankowski teaches a frame-based contention-based res- 
ervation system, wherein Slotted Aloha is used to coordinate 
transmission of reservation requests and each successful 
request transmission in a frame reserves a data slot in a data 
interval of a future frame. In accordance with the teaching 
of Szpankowski, provided the sizes of each frame and the 
two intervals in it are respectively fixed, system throughput 
in the steady state is maximized when the ratio of the 
number of data slots in each frame to the number of 
contention slots in the same frame is equal to 1/e, which is 
the throughput of Slotted Aloha (Wojciech Szpankowski, 
"Analysis and Stability Considerations in a Reservation 
Multiaccess System," IEEE Trans. Communications, Vol. 
COM-31, No. 5, May 1983). In other words, the number of 
contention slots allocated in a frame must be such that the 
ratio of the number of data slots allocated in the frame to the 
number of contention slots in the frame is 1/e, i.e., the 
efficiency of Slotted Aloha. 

Dail, et al., teach a method for a headend to dynamically 
adjust the number of rnini-slots (corresponding to contention 
slots) over a period of time as a function of the type, or mix, 
of communications traffic. This dynamic allocation therefore 
does not adapt to changing request offered load. The 
dynamic allocation does however depend upon the traffic 
mix, which includes contention-type traffic (e.g., bursty 
traffic) that requires contention-based reservation and 
reservation-type traffic (e.g., isochronous traffic) that is 
allocated transmission opportunities without the need for 
contention-based reservation (J. Dail, C. Li, R Magill, and 
K. Sriram, "Method and Apparatus Enabling Enhanced 
Throughput Efficiency by Use of Dynamically Adjustable 
Mini -Slots in Access Protocols for Shared Transmission 
Media," U.S. Pat. No. 5,953,344, Sep. 14, 1999). 
Specifically, the method considers a frame-based system 
with data slots of a fixed size, wherein the data slots in each 
frame are divided among contention-type traffic and 
reservation-type traffic, such that reservation-type traffic 
takes priority over contention-type traffic. In accordance 
with the method of Dail, et al., given the number of data slots 
needed for the transmission of reservation-type data packets 
in each frame, the remaining number of data slots in the 
frame are to be allocated for transmission of contention-type 
data packets as well as the contention-based request packets 
that are used for reserving data slots for contention-type 
traffic. Since request packets are typically considerably 
smaller than data packets, the data slots used for transmis- 
sion of request packets are converted to mini-slots for 
contention usage. The teaching of Dail, et al., is based on the 
assumption that each mini-slot resolves contention requests 
at the same efficiency as a Slotted ALOHA system, i.e., each 
mini-slot has a throughput efficiency of 1/e. For practical 
reasons, Dail, et al., further assume that this efficiency is 
scaled down by about 90%, so that it is about 
Specifically, Dail, et al., teach that the number of contention 
mini-slots allocated in a frame must be such that the ratio of 
the average number of contention-type messages that are 
allocated data slots in the frame to the number of mini-slots 
in the contention interval of the frame is Vz. The method of 
Dail, et al., allows the number of data slots that may be 
reserved for each contention-type message to be a random 
number with a predetermined average value. It is to be noted 
that the method of Dail, et al., is in essence a straightforward 
extension of Szpankowski's method as described before. 
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Golmie, et al., have considered a slight variation of the 
method of Dail, et al. (N. Golmie, et al., "A Review of 
Contention Resolution Algorithms for IEEE 802.14 
Networks," IEEE Communication Surveys, 1999). 
Likewise, while the method of Golmie, et al., does not 
dynamically depend upon request offered load, but on traffic 
mix, in their approach, the ratio of the average number of 
contention-type messages that are allocated data slots in a 
frame to the number of mini-slots in the contention interval 
of the frame is V5, instead of VS, and no contention slot is 
allocated when the number of data slots pending allocation 
exceeds 2.5 times the remaining number of data slots in the 
frame. Similarly to the method of Dail, et al., the method of 
Golmie, et al., focuses on the changing data offered load of 
the reservation-type traffic, but not on the changing request 
offered load of the contention-type traffic. 

In a frame-based system, each frame in a contention- 
based reservation system is often constrained by a minimum 
frame size. In some cases, this constraint is due to a 
maximum round trip delay in the system, wherein a mini- 
mum frame size that is greater than the maximum round trip 
delay enables all users who transmitted request messages in 
a frame to receive feedback in time for retransmission in the 
contention interval of the next frame if necessary. In other 
cases, the constraint is due to limits on processing capacity 
in the headend, which dictates a maximum frame scheduling 
frequency. 

There may be leftover slots when there is not enough data 
to utilize the available slots in a frame of a minimum size. 
There may also be leftover slots if packets are not permitted 
to be fragmented in order to pack a frame completely. When 
there are leftover slots that cannot be used for data 
transmission, they may be utilized for other purposes. For 
example, leftover slots in a frame may be included in the 
contention interval of the frame for contention-based trans- 
mission of request messages. 

It is to be noted that if the headend is able to process 
scheduling on a slot by slot basis, then bandwidth allocation 
in a slotted shared medium network does not have to be 
frame-based. However for Hybrid Fiber Coaxial Cable 
Networks, information is transmitted on a frame-by-frame 
basis in accordance with the DOCSIS protocol. Sala, et al., 
teach a slot-based system based on a frameless MAC 
protocol, wherein contention opportunities are inserted con- 
tinuously as they are needed, based on a predetermined 
contention slot allocator that allocates contention slots to 
accommodate an estimated demand for contention access 
(Dolors Sala, John O. Limb, and Sunil U. Khaunte, "Adap- 
tive Control Mechanism for Cable Modem MAC Protocols," 
Proceedings of IEEE INFOCOM '98, Mar. 29-Apr. 2, 
1998). The method follows a strategy that allocates for 
contention-based reservation all slots that are not being used 
for data transmission. The number of contention opportuni- 
ties allocated per data slot is derived by maximizing steady 
state contention throughput. 

In accordance with the teaching of Sala, et al., when there 
is negligible round trip delay in the network, contention 
opportunities will continuously be allocated until there is a 
successful request transmission, and each successful request 
transmission will be followed by the transmission of a data 
packet. Non-zero round trip delay lowers the effectiveness of 
the method for additional contention opportunities will be 
allocated from the time a request is successfully transmitted 
until the time the corresponding reserved data slots are 
allocated. At low data load, since there is plenty of unused 
bandwidth that could be used for contention reservation, 
many more contention opportunities than the number 
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required for stable operations are allocated. The surplus of determines, for each combination of the numbers of trans- 
contention opportunities reduces the probability of collision mission slots in the contention interval and the data interval, 
to a very low level, which in turn reduces contention access a probability of retransmission in each frame such that the 
delay. As data load increases, the method converges to average message delay is minimized. This step is repeated 
allocating an average of e (about 2.7183) contention oppor- $ for a sufficiently large number of combinations of the 
tunities per data slot. numbers of transmission slots in the contention interval and 

The above prior art gives priority to reserved data slots the data interval, until a global minimum of the average 

over contention opportunities. No contention opportunities message delay can be determined. It is to be noted that this 

are allocated unless all reserved data slots have been alio- method is computationally involved, and it is not clear how 

cated. This policy can result in high contention access delay 10 one wou i d know wnen global minimum of the average 

when the data offered load is high. Sala, et al., offers a message delay is actually attained, 

method for improving the performance of the contention slot witfa H to one sfaared medium QetW0 rk, a multiple 

allocator, wherein a dynamically determined number of CQi ^ TOntciltion _ based reservation may be 

contention opportunities are forced between data slot* in applied t0 bandwidm allocation in an upstream channel of a 

addition to the unreserved contention opportunities. This 15 H bfid p^Q^ (hfq cablc network , ^ primary 

number of forced contention opportunities is based on an station m ^ cab]e QQi „ 0lK wnich ^ often referred to ^ a 

approximation of the number of contention opportunities headend> is basically a centralized controller that allocates 

required to maximize contention throughput in accordance tMm bandwidtb to a group of secondary stations, which 

with the Slotted Aloha model, wherein the product of the are often refefred lQ as cable modems . ^ & accomplished 

average number of packets per data message and the number 20 b downst ream a control message containing an 

of forced contention opportunities is equal to e. It is to be mformalion element known as a MAP. Each MAP specifies 

noted that the teaching of Sala, et al follows the same spuit ^ aUocation 0 f transmission opportunities in a transmission 

oftheteacMngofSzparikowski,mtheser^ematthenumber frame ^ of a of slots m tne 

of forced contention opportunities m m extended period of trcam channel. Each frame is divided into a contention 

time must be such that the number of data messages that may M for contention . based reservation and a data interval 

be transmitted withm that period is equal to the expected for data transmission< Secondary stations with data to send 

number of successful request transmissions m the forced transmit requests m me Conterjtkm interval to reserve for 

contention opportunities within the same period, wherein the transmission opportunities in data intervals of future frames, 

expected number of successful request transmissions in the ^ outcomes of contention depen d on the request offered 

forced contention opportunities in a given period is given by 30 load m terms of me number of requests gene rated per slot, 

the product of the number of contention opportunities within ^ transmission opport unity within a contention interval 

the period and 1/e, i.e., the efficiency of Slotted Aloha. may end up ^ nQ fequest transmitted ^ it (Me ) f one 

A mechanism, known as piggybacking, is sometimes used request transmitted in it (Success), or multiple requests 

to decrease the contention offered load when the system is transmitted in it (Collision). The headend provides a positive 

operating with high data load. With piggybacking, a request 35 acknowledgment in a future MAP to each user with a 

that would otherwise require contention access could be successful request transmission. A successful transmission 

inserted in a data packet to reserve additional data transmis- of a from a secondary station reserves a data 

sion slots. In this respect, upstream bandwidth utilization is transmission opportunity in a future frame for the secondary 

more efficient due to reduced contention overhead. When staU on. A secondary station whose request transmission is 

there is piggybacking, the number of forced contention 40 no t acknowledged in a future MAP after a predetermined 

opportunities is thus scaled down by a factor that accounts amount 0 f time is required to backoff for some time before 

for the piggyback load. retransmitting the request. A typical procedure used for 

With respect to all of the above fixed frame systems, not collision resolution is truncated binary exponential backoff, 
one takes into account differing or changing request offered wherein a backoff window limits the range of random 
loads. Without taking into account the request offered load 45 backoff, and an initial backoff window is doubled in sue- 
on a dynamic basis one cannot allocate bandwidth dynami- cessive attempts for retransmission. As the binary exponen- 
cally to optimize with respect to certain performance tial backoff approach is known to lead to instability in heavy 
objectives, including contention access delay, data schedul- j oad> a maximum number of retransmissions for a request is 
ing delay, and a tradeoff between them. Contention access imposed to terminate the otherwise indefinite backoff, 
delay is the time from the generation of a request to reserve 50 win be appreciated, a need remains for a simple 
mini-slots for transmission of the data packet to the time the me th 0 d and a device for allocating bandwidth dynamically 
request is successfully transmitted and accepted by the to adapl lQ changing request offered load in a contention- 
headend. Data scheduling delay is the delay from the time based reservation protocol used in a slotted shared medium 
the request is accepted by the headend to the time the data communication network, wherein transmission slots are 
packet is completely transmitted on the channel. 55 allocated on a frame by frame basis. As noted above, a 

Tasaka and Ishibashi have studied the performance and frame-based system is specified by the DOCSIS protocol, 

stability conditions of a contention-based reservation pro- and it is desirable to efficiently allocate bandwidth in thc- 

tocol (S. Tasaka and Y. Ishibashi, "A Reservation Protocol upstream channel of the HFC cable network, while mirri- 

for Satellite Packet Communication— A Performance mizing overall message delay, which consists of contention 

Analysis and Stability Considerations," IEEE Trans. 60 acce ss delay and data scheduling delay. 

Communications, Vol. COM-32, No. 8, August 1984). They „ „ „ , ^ ^„ ^ VFri ^ T 

have devised a procedure for determining u optimum set of SUMMARY OF THE INVENTION 

system parameters for stable operation of the system, given In the subject system, which is a frame-based contention- 

an offered load, such that the average message delay is based reservation system, the dividing line between slots 

minimized, wherein the set of system parameters include the 65 allocated for contention and data in each frame is ascer- 

numbers of transmission slots in the contention interval and tained by taking into account request offered load as well as 

the data interval. Given the offered load, the procedure data offered load. Request offered load means the number of 



06/21/2004, EAST Version: 1.4.1 



US 6,529,520 Bl 

7 8 

requests generated per slot. Data offered load is reflected in contention interval of the frame. There may be leftover slots 
the number of slots reserved by each successfully transmit- because there may not be enough reserved slots pending 
ted request. allocation to fill up the remainder of the frame, or there may 
In accordance with the present invention, the population not be a P erfect fit of data 510,8 in remainder of the frame, 
of users collectively and randomly generate requests with an * ^ 560011(3 ""rd embodiments further take into 
offered load that is quasi-static, i.e., the request offered load *" ount ave , ra S e DUmber °l slot f reserved P" success- 
may change slowly with time. In the operation of a frame- fully transmitted request as well as the desired utihzation of 

based contention-based reservation system, when a request a , data * ***** slots in data 
4 j . - c J . V j*i ii , intervals among user data flows. It will be appreciated that 
f generated m a given frame, it must wait unUl me next ^ mmbcT of * bts reseryed successftl f^ transmitted 
frame before it is eligible for transmission. It is to be noted 10 ( reflec(s ^ ^ offefed load m ^ and ^ 
that the request offered load m a given frame translates to an desircd utilization of the data scheduler dictates an upper- 
effective request offered load m the contention interval of the bound on dala scnedu i mg delay for a given data scheduler, 
following frame. The request offered load may be known a It will be appreciated that the present invention does not 
priori, or estimated as proposed in a prior art by Abi-Nassif, depend on any specific data scheduler design, but on the 
etal. (F. Abi-Nassif, W. C Lee, and I. Stavrakakis, "Offered 15 desired utilization of the data scheduler. In general, data 
Load Estimation in a Multimedia Cable Network System," scheduling delay increases with the utilization of the data 
IEEE ICC "99, Vancouver, Jun. 6-10, 1999). scheduler, and typically increases without bound as utiliza- 
Note that unlike prior frame-based systems in which tion approaches 1. In practice, one would set the utilization 
request offered load is taken to be static, the dynamic nature of the dala scheduler to a value close to one, but leave 
of the request offered load in the subject system determines 20 enough room such that data scheduling delay can be 
the number of slots allocated for the contention and data bounded as desired. 

intervals. This system thus allocates the number of slots for ™* subject system makes use of a supply and demand 

contention and data in each frame to optimize with respect m ° de * ™ ^ch the demand depends upon the request 

to certain performance objectives, including contention load. In this system, an appropriate size for a 

ji ji u j i * j i j *j fpu4, „ 25 contention interval m each upstream transmission frame is 

access delay, data scheduling delay, and a trade-oft between , , . , . . . r . . . 4 , a r 

^ em ° J determmed by attempting to balance the rates of flow of user 

t t , . data.into and out of a virtual global data queue, wherein a 
It will be appreciated that although the subject system fluid approximation method h ^ d that is based on a 
considers each frame to possibly have a different size, it is solution tQ a baknced e don relatin me demand and 
obviously applicable when frame Size is fixed. In one 3Q , of dots , n nonK)verload operationi the 
embodiment of the invention, the system takes into consid- m makes a tenta(ive allocation in me conten . 
eration the changing request offered load in allocating the , ion interval> such that , he allocation ^ bounded &om above 
number of slots for contention and data in each frame to . m{ , solution , 0 me ba ] anced equation. Whenever the 
maximize contention throughput. It will be appreciated that tem ^ undergoing bm ^ eat overload, the subject system 
such allocation minimizes the chance for the contention- 3J allocates slots m the mmBBSkm interval to maximize con- 
based reservation system to become unstably i.e. the num- , ention thrOTlghput . In any ^ shol]ld th6re be ^ lcftovcr 
ber of slots allocated for contention is not sufficient to serve ^ in me frame ^ the rema i nill g s i ot s for data 
all backlogged requests timely, thereby enabling the system , ransmission , the ]6fiov6r slots are inchld6d m m6 cont6n tion 
to operate with bounded contention access delay. interval of the frame. 

In another embodiment, the system allocates the number w In summary> the pro blem of allocating bandwidth on the 
of slots for contention and data in each frame to maximize upstream channe i of M H FC cable network for contention- 
contention throughput when the system is overloaded, i.e., based transmission of requests that are used to reserve 
excessive request offered load, and otherwise guarantees a upstream bandwidth for transmission of user data is solved 
fixed minimum number of slots for contention. It will be by a metnod of MoaAioa wbign dynam i ca ny adapts to the 
appreciated that such allocation not only minimizes the 45 preva iling offered load of reservation requests. In a preferred 
chance for the contention-based reservation system to embodim ent, this is done by determining an appropriate size 
become unstable, but also lowers contention access delay at fof a mterval in cach upstr6am transmission 
minimal expense of data scheduimg delay when the system ftame by attempling to balance me rates of flow o[user data 
is non-overloaded. ^ wA out of a ^j^^ g i oba i data qu6ue ^fag a fluid 
In yet another embodiment, the system allocates the 50 approximation method that is based on a solution to a 
number of slots for contention and data in each frame to balanced equation relating the demand and supply of slots 
maximize contention throughput when the system is f or data transmission within each frame. 

overloaded, and otherwise balances supply and demand of „ „ „ . 

slots for dala transmission, wherein the demand is a function BRIEF DESCRIPTION OF THE DRAWINGS 

of request offered load and data offered load. It will be 55 The above-mentioned and other features of the invention 

appreciated that such allocation not only minimizes the will now become more apparent by reference to the follow- 

chance for the contention-based reservation system to ing description taken in connection with the accompanying 

become unstable, but also minimizes contention access Drawings in which: 

delay while ensuring that data scheduling delay is bounded FIG. 1 is a diagrammatic representation showing a Hybrid 
when the system is non-overloaded. 60 Fiber-Coaxial Cable Network illustrating a Cable TV hea- 
All the above embodiments take into account the chang- dend system coupled to a number of cable modems seeking 
ing request offered load. The subject system initially makes to transmit data to the headend system; 
a tentative allocation in the contention interval, such that the FIG. 2 is a diagrammatic representation showing a con- 
allocation is bounded from below by the allocation that tendon based reservation system in which requests for 
maximizes contention throughput. Should there be any 65 bandwidth reservation are sent in contention mode, and 
leftover slots in the frame after allocating the remaining slots bandwidth is granted based on resolving contention con- 
fer data transmission, the leftover slots are included in the flicts; 
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FIG. 3 is a diagrammatic representation showing a trans- 
mission frame structure in accordance with the present 
invention; 

FIG. 4 is a diagrammatic representation showing the 
stable and unstable regions for contention access in accor- 5 
dance with the present invention; 

FIG. 5 is a diagrammatic representation showing demand 
of slots for data transmission; 

FIG. 6 is a diagrammatic representation showing the 
supply of slots for data transmission; 10 

FIG. 7 is a diagrammatic representation showing the 
balanced solution and its piece-wise linear bounds; 

FIG. 8 is a diagrammatic representation showing fixed 
allocation; 15 

FIG. 9 is a diagrammatic representation showing the first 
embodiment of the invention in which the tentative alloca- 
tion for contention slots is a straight line function; 

FIG. 10 is a diagrammatic representation showing the 
second embodiment of the invention in which the tentative 20 
allocation for contention slots is based on a piece-wise 

2- segment linear function; 

FIG. 11 is a diagrammatic representation showing the 
third embodiment of the invention in which the tentative 
allocation for contention slots is based on a piece-wise 25 

3 - segment linear approximation to fully take into account 
supply and demand; 

FIG. 12 is a diagrammatic representation showing the 
second embodiment subject to bounded frame size; 

FIG. 13 is a diagrammatic representation showing the 
third embodiment subject to bounded frame size; 

FIG. 14 is a flowchart describing contention scheduling 
based on request offered load; 

FIG. 15 is a flowchart describing a method for determin- 35 
ing contention interval size; 

FIG. 16 is a flowchart describing a method for determin- 
ing the threshold for an overload condition; 

FIG. 17 is a flowchart describing a method for estimating 
the supply of slots for data transmission; *o 

FIG. 18 is a flowchart describing a method for estimating 
the demand of slots for data transmission; 

FIG. 19 is a flowchart describing a method for estimating 
Contention interval size that renders supply equal to 
demand; 45 

FIG. 20 is a flowchart describing contention scheduling, 
utilizing tentative allocations; 

FIG. 21 is a flowchart describing a first method for 
determining contention interval size; 50 

FIG. 22 is a flowchart describing a second method for 
determining tentative contention interval size; 

FIG. 23 is a flowchart describing a third method for 
determining tentative contention interval size; 

FIG. 24 is a flowchart describing a method for estimating 55 
contention interval size that maximizes contention through- 
put; 

FIG. 25 is a flowchart describing a method for determin- 
ing contention interval size needed to maximize contention 
throughput in a non-overload region; and, 60 

FIG. 26 is a flowchart describing a method for determin- 
ing a piece -wise linear lower-bound on the solution to the 
balanced equation. 

DETAILED DESCRIPTION 65 

While the subject system may be utilized in any system 
involving multiple access protocols with contention-based 
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reservations, one of its major applications is in HFC Cable 
Networks. By way of example and referring to FIG. 1, an 
HFC Cable Network has a cable TV headend system 12 
coupled via fiber optic cables 14 through an optical fiber 
node 16 and coaxial cable 18 to a two-way coaxial amplifier 
20 to which are attached a number of cable modems 22. It 
is noted that the downstream direction is indicated by arrow 
24 which is the broadcast medium, whereas the upstream 
direction indicated by 26 is the shared medium. Note that the 
cable TV headend system 12 has a cable modem termination 
system or CMTS, which will be referred to hereinafter. 

It will be appreciated that it is the purpose of the subject 
system to be able to minimize the delay in the communica- 
tion on the upstream channel of cable modems vying for 
transmission opportunities to transmit their data to the cable 
TV headend system. The problem is to allocate the band- 
width in the upstream direction to permit each of the cable 
modems to communicate with the headend. 

FIG. 2 shows a state diagram describing the possible 
states of a user or cable modem and the conditions for 
transition among the states in a generic contention-based 
reservation system. It will be seen that there is an Idle state 
20 of a particular modem, which means that the modem does 
not have data to be transmitted. When data is to be 
transmitted, a data queue at the modem is filled and is 
therefore not empty 32. An idle modem becomes back- 
logged when there is a new arrival to its empty data queue. 
To reflect this, the modem moves to a Backlogged state 34, 
in which it waits for a contention opportunity to transmit a 
request to reserve upstream bandwidth for data transmission. 
When a contention opportunity is available 36, the modem 
moves to a Contention state 38 and transmits the request in 
a contention mode. 

If the transmitted request encounters a collision 48 due to 
simultaneously request transmissions from other active 
modems, the modem moves to a Backoff state 50, in which 
a predetermined contention resolution procedure is 
executed. After an appropriate backoff time, the modem may 
retransmit its request upon arrival of a contention opportu- 
nity 51. If the system is overloaded 52, the modem may end 
up abandoning its current request, moves back to the Back- 
logged state 34, and transmit a new request when the next 
contention opportunity is available 34. If the modem has a 
successful transmission of its request when it is in the 
Contention state 38, i.e., the reservation is considered 
accepted 40 by the headend, the modem moves to a Grant 
Pending state 42, and waits for a transmission opportunity 
for its backlogged data. In this state, if the anticipated grant 
is not received after a timeout period 60, the modem may 
subsequentiy reenter contention via the Backlogged state 34. 

In the Grant Pending state 42, when a data transmission 
opportunity is received 44, the modem moves to a Trans- 
mission state 46. In the Transmission state 46, if the band- 
width allocated is sufficient such that the modem's queue 
becomes empty 54, the modem returns to the Idle state 30. 
If there have new arrivals to the modem's queue since it last 
left the Idle state 30, i.e., its queue remains non-empty 56, 
the modem may subsequendy reenter contention via the 
Backlogged state 34. If the latest transmission opportunity is 
a partial grant 58, or a new request is pending due to 
piggybacking 58, the modem returns to the Grant Pending 
state 42 to wait to the next grant, since the modem's request 
for bandwidth does not have to go through contention again. 

In the Backlogged state, if the modem has waited too long 
for an attempt to reserve upstream bandwidth for data 
transmission via contention-based reservation, the modem 
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may decide to quit and discard the outstanding request, as 
illustrated at 61, because the data in its queue has become 
obsolete. 

More particularly, in a Hybrid Fiber Coaxial, HFC, a 
cable network has a Cable TV headend coupled through an 5 
optical fiber node to a two way coaxial amplifier to which 
are attached a number of cable modems through a number of 
branches. The problem to be solved is to allocate the 
bandwidth in the upstream direction, so as to permit each of 
the cable modems to communicate with the headend with 10 
the least overall delay. The way this is accomplished is 
through a contention-based reservation system utilizing a 
scheme for allocating slots in the contention interval and 
data interval of each frame, wherein the scheme is a function 
of request offered load. 15 

In the subject system from the point of view of the cable 
modern, when the cable modem has data to be transmitted, 
a queue at the cable modem will be filled and therefore is 
non-empty. The fact of a non-empty queue indicates a 
backlog and is recorded as a backlogged state in which the 20 
user or cable modem wait; for a contention opportunity. 
Contention opportunity is an opportunity to send a request in 
a contention mode. 

It will be appreciated that with a number of cable modems 
seeking to communicate with the headend system there can 
be a collision of requests, in which a collision must be 
resolved before a reservation can be accepted. If there is a 
collision, then the fact of a collision results in the backing off 
for an amount of time in accordance with a predetermined 30 
contention resolution algorithm until a request can be resent. 
The request can be resent when it is indicated that there is 
a contention opportunity. 

It will be noted that in one embodiment, the backoff is a 
random process in which the backoff period backs off by a 35 
random amount. It will be appreciated that the contention 
resolution is based on the aforementioned truncated binary 
exponential backoff algorithm. Nonetheless, other conten- 
tion resolution algorithms may also be used. 

Because according to the exponential algorithm when the 40 
request is made, it is for a slot in the contention interval. The 
request then contends with other requests and at some time 
the request can be accepted. The reservation grant depends 
on such time as the headend system allocates a transmission 
opportunity at which time this is communicated back to the 45 
cable modem and the transmission of the data takes place. 

If there is no more data to be transmitted, this will result 
in a queue empty condition at the cable modem. 

There will also be an occasion after the cable modem has 
left its idle state and has indicated that the queue is not 50 
empty, additional data arrives at the cable modem. This 
additional data will require additional bandwidth not previ- 
ously requested. Therefore, the process has to accommodate 
the additional bandwidth which is necessary. 

Thirdly, it is possible that a headend system may partially 
grant bandwidth. This fact is known at the time of trans- 
mission and a request for more bandwidth need not go 
through a contention cycle. 

The DOCSIS protocol also permits piggybacking of a 60 
request for additional bandwidth, which request need not go 
through the contention cycle. 

For the partial grant or the piggybacking scenario, one just 
simply goes to the Grant-Pending state and waits for the next 
transmission opportunity. 65 

As mentioned above, the headend forecast bandwidth is 
an allocation map, in which a map indicates who gets to 



,520 Bl 

12 

transmit when. This is done by allocating transmission 
opportunities in upstream frames. Each frame contains a 
contention interval and a data interval. 

The problem is how to allocate upstream bandwidth 
dynamically. Given request offered load, average message 
size, piggyback load and other factors the system has to 
determine the allocation bandwidth for the request and the 
data transmission. The subject invention dynamically deter- 
mines bandwidth allocation to optimize with respect to 
certain performance objectives, including contention access 
delay, data scheduling delay, and a trade-off between them. 
The contention access delay and the data scheduling delay 
are two components of an overall channel access delay, 
which can be minimized by selecting an appropriate trade- 
off between the two component delays. 

As will be described, under normal operations, the present 
invention minimizes contention access delay by maximizing 
the allocation in the contention interval subject to a prede- 
termined upper-bound on the data scheduling delay, wherein 
the upper-bound is dictated by a predetermined utilization of 
the data scheduler. 

As will also be described, when the system is undergoing 
transient overload, the present invention minimizes data 
scheduling delay while keeping the contention access delay 
bounded by maximizing the allocation in the data interval 
subject to the minimum allocation needed to maximize 
contention throughput in accordance with the prevailing 
request offered load, so that instability of the system may be 
avoided. 

In a frame -based contention-based reservation system, 
each frame consists of a number of slots, and is divided into 
two intervals for data and contention. It will be appreciated 
that the above-mentioned Szpankowski system is only opti- 
mized for a particular offered load and does not take into 
account changing offered loads. For the Dail, et al system, 
the system accommodates both contention-type traffic and 
reservation-type traffic by making room for reservation-type 
traffic. The net effect of making room for reservation-type 
traffic with a variable offered load is that the number of slots 
available for contention-type traffic and request contention 
in each frame is reduced and may vary from frame to frame. 
With respect to the method of Golmie et al, it is quite similar 
to the Dail et al system with the exception that, in one 
embodiment with the ratio of the average number of 
contention-type messages that are allocated data slots in a 
frame to the number of mini-slots in the contention interval 
of the frame being l A, the average contention-type message 
size is adjusted downward by a factor of 0.5, and in another 
embodiment with the same ratio being V£, no contention slot 
is allocated when the number of data slots pending alloca- 
tion exceeds; 2.5 times the remaining number of data slots 
in the frame. It will be appreciated that the method of Dail, 
et al., and the methods of Golmie, et al., do not take into 
account varying request offered load associated with the 
contention-type traffic. 

With respect to the Sala et al system, the frameless 
protocol system in which data slots are normally given 
priority over contention mini-slots, additional Contention 
mini-slots are forced between data slots to maximize con- 
tention throughput. At high data load, the method converges 
to allocating an average of e contention mini-slots per data 
slot. However Sala et al provides a frameless system which 
is counter to the DOCSIS frame based protocol. The Sala et 
al protocol assumes one can allocate slots on a slot-by-slot 
basis, where as the DOCSIS protocol assumes allocation on 
a frame-by-frame basis. 
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The differences between the subject system and the Sala taken into consideration without having to specify the data 

et al system are first that the subject system is frame-based, scheduling algorithm. Thus if one specifies a data scheduling 

secondly, in Sala et al the data slots are normally given algorithm, one can describe the data scheduling delay in 

priority over the contention mini slots. In the subject system terms of p. 

no such priority is established, thereby permitting a more 5 l n one embodiment, when the system is overloaded, one 

forward looking system which can balance data with respect can minimize the data scheduling delay while keeping the 

to the contention slots. contention access delay bounded. Specifically, contention 

Moreover, in the subject system attempts are made to access delay may be bounded by allocating at least the 

equate the supply and demand of mini slots for data trans- number of slots in the contention interval of a frame to 

mission. Under transient overload the method maximizes 10 maximize contention throughput in accordance with the 

contention throughput, with the leftover slots being included prevailing request offered load. Data scheduling delay is 

in contention interval of the frame. then maximized by allocating all the remaining slots in the 

Because the subject system can take into account changes frame for data transmission, 

in request offered load, the request offered load is used to What respect to the balanced solution, the curve specified 

determine the number of contention opportunities. 15 indicates that for a given request offered load one can 

With respect to the supply and demand of slots for data determine the desired number of contention opportunities, 

transmission, it will be seen that the demand is a function of Note that when ^ re< l uest offered load 15 ver y smaU > there 

request offered load ^ a sma ^ demand of slots for data transmission. Therefore, 

„. it _ i j j j /> , there is plenty of room to put in more contention opportu- 

Since the supply and demand functions set the operating m v.. A • • * *■ 

rt V . , - r A j nines. As one puts in more contention opportunities, one 

point, the operating point of allocation of contention and , . \. , t , , 7 - 

i * -1- ^ - _« . A a reduces contention access delay because the chance of 

data slots is directly related to the request ottered load, colliding is smaller 

unlike those of the prior of systems. .] , . , , . 

. , . . , , , . . . As will be described, in one method in order to provide a 

In the subject system where the supply and demand lines bd oQe fl linear , pproximate lower 

cross is the optimal operating point for the system. Once this 25 bound of balanced ^ ^51^ * that 

point isset one supplies the remaining slots for data after one ^ a , offered]oad is , mere ^ not much demand 

hasaUocatedslotsforcontention. Conversely demandband- for da(a transmissi ^ lhere ^ no , m reservatioQS . 

width which needs to be allocated requires the transmission ^ ^ have room for mQre 

of data due to successful reservations. The supply fine is a . ... . . . ■ t , r „ f , ^ . ; A „ 

- , , x . * * * tunities which in turn lowers the probability or collision. As 

hnear function Jhat ^decreases with ^the number of contention 30 a ^ ^ contcntion acccss dcla is lowered Givcn a 

opportunities. It will be appreciated that if there are very few &{ offered which ^ ^ estimated or actual> one 

contention opportunities, the amount of data that can be can ^ fl DUmber of contentioa opport unities to 

transmitted is greater. Conversely, if the number of conten- ^cate m tne frame. 

tion opportunities increases greaQy, the opportunity to trans- WA Mf t , . 

mit data decreases. 35 li Wl11 be a PP reciated that the difference between the 

, _ „ present system and the prior systems is that the request 

With respect to the demand, if one allocates more con- o£fered load m ^ rfor systems is afisumed to be 

tention opportunities, one can have more successful reser- whcreas ^ r { offered load in the Qt tem is 

vations. ThK leads to a higher demand for data slots because assumed tQ be gubject tQ glow changes The assumption ^ 

bandwidth has been reserved. 4Q the request offered load is static results in a fixed allocation 

If one operates with a number of contention opportunities ^ | s DO t responsive to current loading conditions, 

such that it is greater than the number at the crossing More generally, a need remains for a method and a device 

between the supply and the demand curves, the demand is in fof bandwidth dynamically to adapt to changing 

excess of the supply. What this means is that one is alio- request offered load in a con tention-based reservation pro- 

cating too many contention opportunities vis a vis slots for locol used ^ a s]otted shafed med i um communication 

data transmission. Thus the data scheduling delay is high. network, wherein transmission slots are allocated on a frame 

Conversely, if one operates with a number of contention by frame basis, 
opportunities such that it is smaller than the number at the 

crossing between the supply and the demand curves, the SYSTEM MODEL 

supply is in excess of the demand. What this means is that $Q ^ m invention provid es a method and a device for 

one is allocating too many slots for data transmission vis a allocating bandwidth dynamically to adapt to changing 

vis contention opportunities. In this case the contention offered load in a contention-based reservation protocol used 

access delay will be high. in a slotted shared medium communication network, 

The subject system by taking into account the changes in wherein transmission slots are allocated on a frame by frame 

the request offered load permits one to set an optimal point, 55 basis. 

which is the balancing of the number of slots allocated for present invention determines how each of a stream of 

contention opportunities vis a vis the number of slots transmission frames on a shared medium channel is to be 

allocated for data transmission. divided between a contention interval and a data interval, so 

In one embodiment, under normal operations, one can that bandwidth allocation is efficient, thus to reduce trans- 
minimize the contention access delay in terms of p, where 6Q mission delays. User data is transported over the network in 
p represents the utilization of the data scheduler. protocol -dependent units known as packets. In accordance 
Specifically, one can determine the maximum allocation for with the present invention, each contention request requires 
contention without exceeding the allocation at the crossing a predetermined fixed number of slots for transmission, and 
between the supply and the utilization-adjusted demand this fixed number is denoted R. In accordance with the 
curves, such that p=demand/supply. 65 present invention, each data packet requires a random num- 

The data scheduling delay is a function of p. Therefore by ber of slots for transmission, and the average value of this 

taking into consideration p, the data scheduling delay can be random number is denoted H. Each successfully transmitted 
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request in a contention interval of a given frame results in a until the next frame for transmission. The expected number 

reservation of an average of H slots in one or more future of requests generated in frame k-1 is g[k-l]TXk-l]. It 

frames for data transmission. It is assumed that H is known follows that G[k] 
a priori, or can be estimated. The method for estimating H 

is beyond the scope of the present invention. 5 _ g[k~i)T[k- l] 

In accordance with the present invention, the following N ^ 
variables be defined with respect to frame k (i.e., one 

identified to be the k* frame in the stream of transmission A transmitted request may be successfully received by the 
frames). Ttk]=number of slots in frame k. M[k]=number of headend, or collide with requests simultaneously transmitted 
slots in the contention interval of frame k. W[k]=number of i° Dy omer \\ & assumed that a contention resolution 
slots in the data interval of frame k. algorithm, such as the truncated binary exponential back off 
The number of contention opportunities allocated in algorithm, is used to resolve collisions. It is also assumed 
frame k is given by M[k]/R. Although M[k] is typically that the contention resolution algorithm is designed such that 
selected such that M[k]/R is an integer, it is heuristically the probability of a retransmission in each slot is small, so 
treated as being a real number for the purpose of simplified 15 that the contention-based multiple access for requests can be 
analysis. When M[k]/R is not an integer, the number of modeled by the well-known Slotted Aloha model, 
contention opportunities allocated in frame k is set to an Following the Slotted Aloha model, the throughput in the 
integer value that is nearest to and smaller ihan M[k]/R. contention interval is S[k]-G[k] exp{-G[k]} whose maxi- 
Ref erring to FIG. 3, each packet requires a number of mum value is 1/e =0.3679. It can be verified that the maxi- 
slots 70 in a data interval 72 for transmission. Data trans- mum throughput is 1/e, and is achieved when G[k]-1, which 
mission is via reservation, primarily through contention- implies that for a given request offered load gpc-1] and 
based transmission of a request in a contention interval 74. frame size T[k-1] for frame k-1, the allocation of M[k] slots 
Here a data interval is designated W, whereas a contention in the contention interval of frame k maximizes the through- 
interval is designated M. A request generated at a given time put in the contention interval, provided M[k]«g[k-l]T[k- 
may not be transmitted in a previously scheduled contention 1]R. In other words, maximum contention throughput is 
interval, but must wait for the next scheduled contention achieved in a frame when the number of contention oppor- 
interval. As will be seen, the allocation in the current frame tunities in the frame is equal to the expected number of 
is determined based on the request offered load in the requests generated in the previous frame, 
previous frame. 30 FIG. 4 shows the above allocation that maximizes con- 
In accordance with the present invention, the following tention throughput, wherein the allocation is a linear func- 
variables are defined with respect to frame k (i.e., one tion of request offered load. Specifically, it shows that the 
identified to be the kth frame in the stream of transmission allocation is proportional to the request offered load. Above 
frames). For simplicity, and without loss of generality, each the line is a stable contention region indicating that there are 
frame is assumed to be completely divided into a contention 35 sufficient contention opportunities to accommodate the 
interval and a data interval, so that the number of slots in the request offered load. Below the line is an unstable contention 
data interval of frame k is given by W[k]=T[k]-M[k]. region in which there are insufficient contention opportuni- 
Additional intervals for control overhead or other applica- ties to accommodate the request offered load, 
tions are not included in the description of the present It is to be noted that exp{-G[k]} is the probability of a 
invention. It is straightforward for one skilled in the art to 40 successful transmission of a request in a contention oppor- 
account for these omitted intervals. For example, Dail, et al., tunity in frame k, i.e., there is exactly one request transmit - 
teach how one could account for data slots that are allocated ted in the contention opportunity. When G[k]=l, this prob- 
to traffic that does not require contention-based reservation. ability of success is equal to 1/e. 

In accordance with the present invention, each data packet The overall multiple access delay for a data packet 

fits in an integral multiple of slots, and may be fragmented 45 consists of contention access delay, which is the time from 

at any slot boundaries, wherein fragmentation is a process the generation of the request to reserve slots for transmission 

whereby a data packet is divided into a plurality of packet of the data packet to the time the request is successfully 

fragments, which are transmitted as packets of smaller sizes, transmitted and accepted by the headend, and data sched- 

The first assumption may result in an overestimation of the uling delay, which is the delay from the time the request is 

size of a data packet by at most one slot, but this ineflficiency 50 accepted by the headend to the time the data packet is 

is inherent in a slotted system. The second assumption completely transmitted on the channel, 

minimizes the effect of the constraint due to frame-based When the offered load is low, it is not necessary to allocate 

allocation at the expense of fragmentation overhead that is a large contention interval in a transmission frame in order 

not explicitly accounted for. It is straightforward for one to maximize contention throughput, for there would be 

who is skilled in the art to relax the above assumptions, 55 many idle contention opportunities. Nevertheless, there may 

without deviating from the spirit of the present invention. be little use of unreserved slots since there is not much data 

In accordance with the present invention, the population traffic due to low offered load. In accordance with the first 

of users collectively and randomly generate requests with a embodiment of the present invention, whenever there are 

request offered load, that is quasi-static, i.e., the request unreserved slots left in a frame after an initial allocation of 

offered load may change slowly with time. Let g[k] denote 60 a number of slots to the contention interval of the frame to 

the offered load in frame k, i.e., the number of requests maximize contention throughput and a number of slots for 

generated per slot in frame k. This; offered load may be data transmission, the leftover slots are additionally included 

known a priori, or estimated as proposed by the aforemen- in the contention interval. It is to be noted that this approach 

tioned teaching of Abi-Nassif, et al. Let G[k] denote the improves contention access delay without increasing data 

effective request offered load in frame k, i.e., the number of 65 scheduling delay in any appreciable amount, 

pending requests per contention opportunity in frame k. When the request offered load is high, the contention 

When a request is generated in a given frame, it must wait interval must be large accordingly to maximize contention 
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throughput, or many transmitted requests would collide with 

one another. Maximizing contention throughput when the D _ HS[k]M[k) _ 

request offered load is high implies that contention oppor- * 

tunities are given higher priority than data transmission „ „ M f g[k-i]T[k-i}R ^ 

*u m ^ p . u a a*u tu- s Hg[k-l)T[k-l]pxp{ — \zHg[k-l]T[k-l) 

opportunities in the allocation of upstream bandwidth. This ^ v M[k\ > 
could result in unbounded data scheduling delay. It is 

assumed that an appropriate admission control mechanism is h ^ [Q be noled ^ for a iyen offered ^ ^ demand 

used to avoid or minimize the chance of the system oper- of slots f()r data tnasa ^ aion m thc framc i ncrC ases with the 

ating with excessive offered load, both request and data. In number of conteDtion opportunities in the contention inter- 

the event that the system is overloaded momentarily, the val of mc f ramc> from zero up to ^ asym ptotic value. This 

transient effect is a temporarily mcrease in data scheduling aS ymptotic value is a product of the average number of slots 

delay. Piggybacking may also help to bring the system back rcscrvcd per successfully transmitted request and the 

to operation with normal offered load. expected number of requests generated in the previous 

Each successful request from a user corresponds to a 15 frame, 

reservation for a data transmission opportunity that would Given that the desired utilization for the data scheduler is 

accommodate the size of the packet that the user would like p, the effective number of slots needed to satisfy the demand 

to transmit. The larger the average size of packets relative to D[k] is D[k]/p. From here on, D'[k]=D[k]/p, and this 

the size of a request, the more bandwidth must be allocated utilization-adjusted demand may be referred to simply as 

to the data interval relative to the contention interval, and 20 demand when the context is clear that its dependence on p 

vice versa. Hence, efficient bandwidth allocation must is taken into consideration. 

depend not only on the offered load of reservation requests Given a finite number of slots in a frame, the more slots 

but also distribution of packet sizes. are allocated in the contention interval of the frame, the 

fewer slots are available for data transmission. Thus, the 

SUPPLY AND DEMAND OF SLOTS FOR DATA 25 supply of slots for data transmission in a frame decreases 

TRANSMISSION linearly with the number of slots allocated in the contention 

interval of the frame. Let C[k] denote the supply of slots for 

The central idea of the approach is based on balancing data transmission in frame k. Then, C[k]=Ttk]-M[k] 

supply and demand of slots for data transmission. The demand of slots for data transmission increases with 

As illustrated in FIG. 5, the demand of slots for data 30 me number of dols allocated to the contention interval 

transmission increases with the number of contention oppor- because of decreasing probability of collision. Due to con- 

tunities allocated up to an asymptotic: value because of «rvation oi available upstream bandwidth, the supply of 

decreasing probability of collision. As will be seen slots for data transmission decreases as an increasing num- 

hereinafter, the original demand curve will be adjusted ber of slots are allocated to the contention interval, 

upwards to take into account the utilization of the data Conceptually, the headend maintains a queue of reserved 

scheduler used for scheduling data transmissions. The result slots for data transmission. The demand of slots for data 

is a new demand curve called a utilization-adjusted demand transmission represents an in-flow to the queue, whereas the 

curve, supply of slots for data transmission represents an out-flow 

from the queue. For a stable operation of the queue, the 

As illustrated in FIG. 6, due to conservation of available 40 must nQt exceed the out . flow> ^ idea of the 

upstream bandwidth, the supply of slots for data transmis- present mvention is tbe balancing of supply and demand of 

sion decreases linearly as an increasing number of conten- s]ots fox data transmissiorj> wherein a £ ven data scheduler 

tion opportunities are allocated. As will be seen hereinafter, ^ ^ for aH ocat i n g slots among data packets and the 

this supply of slots for data transmission represents the ope ration of the data scheduler is subject to a predetermine 

bandwidth available for data transmission given the alio- 45 utilizatioiL It ^ to be noted that the utilization of the data 

cated number of contention opportunities. If too many scheduler is related to the ratio of demand to supply of slots 

contention opportunities are allocated, data scheduling delay for data transmission> p rov idcd that this ratio is smaller than 

can be high because there is not enough bandwidth for data x demaad will not exceed supply of slols for dala 

transmission. transmission, and data scheduling delay will be bounded. 

In principle, for a given set of system parameters, there It is to be noted that the supply curve and the utilization- 
exists an operating point such that the supply and demand of adjusted demand curve intersects with each other at an 
slots for data transmission are equal. As will be seen operating point with a unique number of contention oppor- 
hereinafter, this operating point forms the basis for allocat- tunities allocated to a contention interval of a frame. At this 
ing contention opportunities based on supply and demand of ^ unique operating points, C[k]oD'[k]> i.e., the supply and 
slots for data transmission. demand of slots for data transmission are balanced with each 

„, , j * 1 . r j 4 . . - j » . other. Hence, the contention allocation that balances supply 

The demand of slots for data transmission due to requests , . j * 1 * * j » . * ■ u ir j 1 j 

A , A ... t , . r_ . .1. and demand of slots for data transmission, when offered load 

that are successfully transmitted in a frame is proportional to ■ „n n ■ w * ,u c n • * r ** r. *• r 

» J c c 11 * I . - is gLk-lj, is a solution to the following implicit function of 
the expected number of successfully transmitted requests in 

the contention interval of the frame as well as the average 60 L J * 

number of slots reserved per successfully transmitted 

request. The expected number of successful request trans- Aft*] = T[k] - (g[k - l)T[k - l]///p)exp|-^ — R L\k}~ / 
missions in the contention interval is a product of the 
number of contention opportunities in the contention inter- 
val and the contention throughput achieved. Let D[k] denote 65 The above expression is henceforth referred to as a balanced 
the demand of slots for data transmission due to requests that equation, and the solution to the balanced equation is 
are successfully transmitted in frame k-1. Then, referred to as a balanced solution. The balanced solution is 
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a solution to the balanced equation that is derived from expected for data transmission. The expected number of 

equating supply and utilization- adjusted demand of slots for slots required for data transmission per reservation attempt 

data transmission. For each request offered load, the bal- is H/(pe) because H/p slots are required with a probability 

anced solution determines the desired numbers of slots to be 1/e (i.e., probability of success) and no slot is required with 

allocated in the contention interval and data interval respec- s a probability (1-1/e). 

tively. It can be verified that, when g[k-l]=g 0 , the balanced 
FIG. 7 shows a graph of the non-linear balanced solution solution results in M[k)=b(H, R, p)T[k]R«g 0 T[k-l]R, 
for frame k plotted against g[k-l], the request offered load which satisfies M[k]«g[k-l]T[k-l]R, i.e., the condition for 
in frame k-1. For operating points beneath the curve, supply contention throughput to be maximized. Thus, a first lower- 
exceeds demand, and there is a surplus of data slots. For 10 bound on the balanced solution is 
operating points above the curve, demand exceeds supply, 

and there is a deficit of slots for data transmission. JW[*]fc!»Cff, R, p)?1*]* f« d*^i]^o. 

It will be appreckted that since p^l, C[k]-DJk]-D[kyp , t ^ be dated mat me above lower _ boimd on the 

implies that D[k]Ajk]-p|l. Thus for p^l the balanced b ^ xd can ^ be derived as foUows 

equation ensures that ln-flow to the headend s queue ol 15 
reserved slots for data transmission does not exceed out-flow 

from the queue, so that data scheduling delay could be T[k]-M[k] = 

bounded. HM[k] , g[k -l]T[*-i]^ t g[k -l]T[k - l)R ^ HM[k) 

It is to be noted that the balanced solution is a function of pR \ M[k] J cxp i RM [k] J* peR 

H, R, p, T[k], Tpt-1], as well as g[k-l], the request offered 20 

load. Given the values of H,R,p,Ttk],1tk-l], and g[k-l], Ti . t . t , t . , tl . , + . 

the balanced equation can be solved numerically. « ^^^T^ J° f f°™ g I** ho ™ hl V 

It can be verified that the balanced solution for frame k is between W[k] and M[k] is a direct result of the above 

a convex function of the request offered load in frame k-1, lower-bound, 

wherein the function has a single well-defined minimum 25 

value, has a value Tpc] when there is no request offered load, w[k) jM[k]~ — 

is non-increasing for request offered load g[k-l] up to the peR 
point at which the function achieves the minimum value, and 

non-decreasing for larger request offered load g[k-l]. FIG. 8 shows a method that allocates slots for contention 

30 and data in a frame such that the ratio of the size of the data 

BOUNDS ON BALANCED SOLUTION interval to the size of the contention interval satisfies the 

Since the solution to the balanced equation is non-linear, above relationship. It will be appreciated that this method, 

it is computationally involved to determine this solution. In which is independent of the request offered load, is similar 

the various embodiments of the present invention, simple to prior systems with fixed allocation, 

piece-wise linear or linear functions are used to approximate 35 When g[k-l>go, W[k]»T[k]-M[k]=lXk]-b(H, R, p)T[k] 

the non-linear solution ^> which is the number of slots allocated in the data interval 

By taking the derivative of MM in the balanced equation, of frame k 11 ™ U (K be appreciated that this allocation results 

•a. 7* ~n n j **• 4U a~ • , , i„ ™_ a m maximum data throughput while balancing the supply and 

with respect to e|k-ll, and setting the derivative to zero, one i & ~ t ; . . if , . 

f . °h J , . r u * *u „f • demand of slots for data transmission, because the balanced 

can arrive at the conclusion that the minimum or the „ n , . . . . , n n T * u 

balanced solution, with respect to g[k-l], is achieved when 40 ^Ts^T* ltS T^T! ^ g [ l^/m^^ 

G[k]=g[k-lJItk.lMk]=l, that is M[k]=gl>l JHk-l]R ^ *i S Th^cR ^ * ( ' % 

must be satisfied when the balanced solution is minimized. wt " cn tcn ^ t0 1 *° * ^ pcK - n 1 , ... . . 

t* -ii u ■ * a *u ♦ ,.11™*™ f nr ,™**«t™ It can be verified that, when g[k-l]>g 0 , the balanced 

It will be appreciated that this allocation for contention , . . , , , - , , ~. ? ,t_ L 

• a Ku tu „n«„o*™ *ko* ;o rr,*^™^ solution is bounded from above by the contention through- 

coincides with the allocation that is needed to maximize - ... %jrn . J. 1TIT1 j i_ 

4 . , . 45 put maxmQmngaUocationM[k>grk-ljT[k-l]R, and hence 

contention throughput. \ j i *• u if^ u- u * *j 

_ , 1 | . - the balanced solution could result in high contention access 

By the Slotted Aloha assumption, throughput in the con- ^ ^ ^ ticular offered load is 

tention interval can be stable for G[k]=il. In other words, referfed , o ag m overload 

contention access delay can be bounded when MM-g[k- M before? me baJanced sollltion ^ equal to m 

lJT[k-l]R. so when g [k-l]=0, and satisfies M[k]«b(H, R, p)1Tk]R when 

It can be verified that the balanced solution is minimized g[k-l]-g 0 -b(H, R, p)T[k]/T[k-l]. For 0^g[k-l]^g o , the 

when balanced solution is bounded from below by b(H, R, p)T 

MR-g 0 T[k-l]R^g[k-l]1Tk-l]R. Thus, starting with the 

p\k - n = e - T ^ balanced equation, we obtain an upper-bound on the bal- 

gl 1 g0 ~T[k-l] H + pef 55 anced solution, 

M*]*n*M*-iin*-i]w(P<o. 

pe and a second lower-bound on the balanced solution, 

be represented by b(H, R, p), and thus go^b^, R, p)T[k]/ The lower-bound is derived with g[k-l]=go=b(H, R, 

T[k-1]. p)T[k]/T[k-l] and M[k]=b(H, R, p)^] 1 ^* whereas the 
It will be appreciated that the multiplicative inverse of upper-bound is derived with g[k-l]«go=b(H, R, p)T[k]/T 

b(H, R, p) may be interpreted as an expected number of slots 65 [k-1] and M[k]^b(H, R, p)Hk]R. 

required per reservation attempt, wherein R slots are It can be verified that, as g[k-l] tends to zero, the above 

required for a contention opportunity and H/(pe) slots are lower-bound on the balanced solution is tight. It is to be 



U, H + peR 
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noted that the above upper-bound intersects with M[k]=*b(H, opportunities, and data scheduling delay will consequently 

R, p)T[k]R when g[k-l]-go, whereas the lower-bound inter- be excessive. Balancing the supply and demand of slots for 

sects with Mpc]=b(H, R, p)T£k]R when g[k-l]=go/e. data transmission requires allocating a smaller number of 

Since M[k]^b(H, R, P)TTXP for values of g[k-l], the contention opportunities than that required for maximizing 

lower-bound can be modified as follows. M[k]^max {b(H, s contention throughput. This can lead to an increase in the 

R, p)Ttk]R, (1tk]-g[k-l]T[k-l]H/p)}. Equivalently, for number of collisions in each frame, and hence an increase in 

g[k- 1 ] ^ go/e, M[k] ^T[k]-gPc- 1 ]T[k- 1 ]H/p and, forg 0) e<g contention access delay. Consequently, many unsuccessful 

[k-l]^g 0 , M[k]^b(H, R, p)T[k]R. requests would backoff and be retransmitted later. This 

It can be verified that the balanced solution satisfies a would result in a further increase in the request offered load, 

second lower-bound as follows. 10 leading to inefficient utilization of the upstream bandwidth. 

It is thus not desirable to balance supply and demand of slots 

A*l*]£*l*]-s[*-ijn*-i3Wp- for data transmission in the overload region. 

It will be appreciated that the above lower-bounds are When the system is operating in the overload region, the 

both linear functions of request offered load, although the contention interval must be large to maximize contention 

first one is a degenerate case. It can be verified that these two 15 throughput, or many transmitted requests would collide with 

linear functions intersect when the request offered load is one another. However, maximizing contention throughput 

equal to go/e. when the system is overloaded implies that contention 

FIG. 7 shows the balanced solution in accordance with the opportunities are given higher priority than data transmis- 

present invention. It is to be noted that the balanced solution sion opportunities. This could result in excessive data sched- 

starts with the frame size when there is no request offered 20 uling delay. In accordance with the present invention, it is 

load, decreases almost linearly as request offered load deemed important to maximize contention throughput in an 

increases, reaches a minimum when the request offered load event of transient overload at the expense of a temporary 

is at the overload threshold, and then increases gradually as increase in data scheduling delay. 

the request offered load rises above the overload threshold. [t is thus desirable that an appropriate admission control 

FIG. 7 also shows various bounds on the balanced solu- 25 mechanism is used to avoid or minimize the chance of the 

tion in accordance with the present invention. The balanced system operating with excessive offered load. In the event 

solution is bounded from above by a decreasing linear that the system is overloaded momentarily, the transient 

function in the non-overload region, and the allocation that effect is a temporarily increase in data scheduling delay, 

maximizes contention throughput in the overload region. Piggybacking may also help to bring the system back to 

The balanced solution remains above the first lower-bound 30 operation with normal offered load, 

for all request offered load. When the request offered load is are a aum ber of ways to avoid or minimize the 

light, the second lower-bound is a much tighter bound. chance of operating in the overload region. One way is to 

REGIONS OF REQUEST OFFERED LOAD Umit mc Paction of users by an appropriate admission 

35 control algorithm. Another way is to drop requests that have 

It will be appreciated that the various bounds on the already been retransmitted up to a maximum permissible 
balanced solution define three regions of request offered number of times. Yet another way is to selectively drop data 
load. The first region represents a light load region in which packets. Obviously, the above alternative methods are not 
the demand of slots for data transmission is low so that more mutually exclusive. Methods for avoiding operation in the 
contention opportunities may be allocated. The second ^ overload region are beyond the scope of this invention, 
region represents a moderate load region in which the 40 [ t will be appreciated that, for request offered load in the 
minimum allocation required to balance supply and demand range 0ig[k-l]^g o /e, the second lower-bound on the bal- 
of slots for data transmission is approached. The lower anced mbiixm is tight, especially for g[k-l] close to 0. It 
threshold for the second region is determined by the crossing ^ be a p prec j a ted that, for request offered load in the range 
of the first and second lower-bounds on the balanced solu- go/e^g[k-l]^g 0 , the balanced solution is close to its mini- 
tion. The third region represents an overload region m which mum yalu6j g^-ijR. n is useful to divide the non- 
balancing supply and demand of slots for data transmission overload region of request offered load into a light load 
can lead to instability of the system, such that insufficient region where o ^ g[k-l] £ g^e, and a moderate load region 
contention opportunities are allocated. where g^gpc-l^go. will be appreciated. 

More specifically, the overload threshold go, which is 

equal to b(H, R, p)1tkyitk-l], divides the request offered EMBODIMENTS OF THE PRESENT 

load into an overload region where g[k-l]^g 0 , and a INVENTION 

non-overload region where g[k-l]>g 0 . As will be seen, there are three embodiments of the 

When g[k-l]=go, the balanced solution achieves its mini- present invention in which changing request offered loads 

mum value, and maximizes contention throughput. 55 arc ta k ea m to consideration. The first embodiment specifies 

For g[k-l]<go, maximizing contention throughput will a method of allocation that maximizes contention through- 
result in supply exceeding demand for data transmission put based on prevailing request offered load. The second 
opportunities, and some data transmission opportunities embodiment specifies a method that enhances the first 
would be wasted. In this case, it is affordable and desirable embodiment by taking into account the minimum allocation 
to allocate more transmission opportunities for requests to 60 that is required for balancing supply and demand of slots for 
minimize contention access delay, even though contention data transmission. The third embodiment specifies a method 
throughput may not be at its maximum. It will be appreci- that even further enhances the second embodiment by fully 
ated that the balanced solution indeed allocates more slots taking into account the balanced solution to accommodate 
for contention than needed for maximizing contention the situation in which the request offered load is low. 
throughput when the system is non-overloaded. 65 FIG. 9 shows the first embodiment of the present 

For gpe-lj>go, maximizing contention throughput will invention, which allocates slots for contention and data in a 

result in demand exceeding supply for data transmission frame such that contention throughput is maximized for any 
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request offered load. This allocation is governed by a linear is used to balance supply and demand of slots for data 
function of the request offered load, such that it has a value transmission is guaranteed when the system is in the mod- 
zero when there is no request offered load, and increases erate load region, and an allocation that approximately 
proportionally with request offered load otherwise. balances supply and demand of slots for data transmission is 

In the first embodiment, the number of slots to be initially 5 used when ^ system is in the light toad region. Specifically, 
a.located in the contention interval of frame k maximizes the mis allocation is governed by a piece-wise linear function of 
throughput in the contention interval. Specifically, M[k]-g mc request offered load, with three linear segments, such 
[k-l]T[k-l]R, i.e., the number of contention opportunities mat its valuc decreases linearly in the light load region, has 
in the frame is equal to the expected number of requests a constant non-zero value in the moderate load region, and 

generated in the previous frame. It is to be noted that the line 1° increases proportionally with request offered load in the 
describing this allocation function divides the values of overload region. 

Mpc], for each value of g[k-l], into a stable contention In the thkd embodiment, the number of slots to be initially 
region and an unstable contention region. allocated in the contention interval of frame k is derived 

Whenever there are unreserved slots left in a frame after * of *e *f and second lower bounds on 

initial allocation of this number of slots in the contention 15 me balanced solution as well as the contention throughput 
interval and remaining slots for data transmission, the left- maximizing function as follows. 

over slots are additionally included in the contention inter- M[k}=mzx {dk-ipik-ilp, b{H, R, p)7l*]R, (7I*]-s[Jt-i]7Ijt-i] 

val. There may be leftover slots because either there may not Hip)} 

be enough reserved slots pending allocation to fill up the _ . , 4I xrrt ^ __, , ri , 

remainder of the frame, or there may not be a perfect fit of 10 Equivalently, MW-Ttk]-g[k-l]nk-l]Wp for request 

data slots in the remainder of the frime. ^V?* " T^,"^" 1 1" 8 ^' £ 

, , . „ , . . , . P)TTk]R for request offered load in the range gn/eSgrk-1] 

It will be appreciated that the first embodiment takes into g ^ M[k]ag[k _ 1IItk _ 1]R for higher requcst offcred 

consideration the changing request offered load in allocating load ft ^ ^ iated that the ^ embodiment of the 

the number of slots for contention and data in each frame to ^ t ^ a fof CQn{ ^ 

maximize contention throughput, thereby enabling the sys- don m each of ^ HgQt ^ ^ moderate ^ ^ 

tern to operate with bounded contention access delay. afld Qverload region of fequest Qffered bad 

FIG. 10 shows the second embodiment of the present Shoilld mere be my leftover slots in the frame after 

invention, which allocates slots for contention and data in a allocating the remaining slots for data transmission, the 

frame such that contention throughput is maximized when 30 i e ft 0V er slots are included in the contention interval of the 

the system is in the overloaded region, and a minimum frame. 

allocation for balancing supply and demand of slots for data [t bc appreciated that the third embodiment is a 
transmission is guaranteed when the system is in the non- function of request offered load. It not only minimizes the 
overload region. This allocation is governed by a piece-wise chaQce for me conte ntion-based reservation system to 
linear function of the request offered load, with two linear 35 become unstable when the system is overloaded, but also 
segments, such that it has a constant non-zero value for minimizes contention access delay while ensuring that data 
request offered load ranging from zero to the overload scheduling delay is bounded when the system is non- 
threshold and increases proportionally with request offered overloaded. 

load otherwise. [t is to be noted that in all the embodiments of the present 

In the second embodiment, the number of slots to be 40 invention where a tentative number of slots are allocated in 

initially allocated in the contention interval of frame k is the contention interval, the tentative allocation is conserva- 

derived from a combination of the first lower bound on the tive with respect to the allocation required for balancing 

balanced solution as well as the contention throughput supply and demand of slots for data transmission. It is 

maximizing function as follows. possible that even leftover slots, if any, are included in the 

. __ L „,„ t/ „ „ 45 contention interval, it is not sufficient to result in an alloca- 

w-m*-w m * pm*m don that balances supply and demand of slots for data 

Equivalently, M[k]=b(H, R, p)Tpc]R for request offered load transmission. Provided that the request offered load is 

in the range 0<g[k-l]^g 0 , and M[k]=g[k-l]T[k-l]R for dynamically estimated, future allocation would adjust 

higher request offered load. accordingly in response to surplus or deficit in the number 

It will be appreciated that the second embodiment of the 50 of contention opportunities allocated, 

present invention applies a different allocation for conten- The efficiency of the above embodiments of the present 

tion in each of the non-overload region and overload region invention depends on the granularity of fragmentation. If the 

of request offered load. granularity of fragmentation is larger than a slot, or if 

Should there be any leftover slots in the frame after fragmentation is not permitted, then there may be leftover 

allocating the remaining slots for data transmission, the 55 slots, in the frame, which are not enough to accommodate 

leftover slots are included in the contention interval of the any packet or packet fragment, pending transmission. It is 

frame. also possible to occasionally overestimate the demand of 

It will be appreciated that the second embodiment is a slots for data transmission. In any event, whenever there are 

function of request offered load. It not only minimizes the leftover slots in a frame, the leftover slots are included in the 

chance for the contention-based reservation system to 60 contention interval of the frame. In principle, to minimize 

become unstable when the system is overloaded, but also inefficiency, the surplus in the supply of contention oppor- 

lowers contention access delay at minimal expense of data tunities may be deducted from contention intervals of future 

scheduling delay when the system is non-overloaded. ' frames. Nevertheless, this is not needed when the offered 

FIG. 11 shows the third embodiment of the present load is dynamically estimated, because future allocation 

invention, which allocates slots for contention and data in a 65 would adjust accordingly in response to the surplus, 

frame such that contention throughput is maximized when Referring now to FIG. 14 what is shown is a flow chart 

the system is in the overloaded region, a minimum allocation describing contention scheduling. Here contention schedul- 



06/21/2004, EAST Version: 1.4.1 



US 6,529,520 Bl 



25 



26 



ing is initiated at 110 to allocate a new frame 112, thereafter 
to obtain offered load 114, which in this case is the requested 
offered load. Thereafter as illustrated at 116, the system 
determines contention interval size and then at 118 allocates 
the contention interval in the current frame. 

Referring to FIG. 15, what is shown is a flow chart 
describing a method for determining contention interval 
size. Here illustrated at 120, a step initiates the determina- 
tion of contention interval size. Thereafter the threshold of 
an overload is determined at 122 and if there is no overload, 
as illustrated at 124, the system estimates the supply of slots 
for data transmissioD as illustrated at 126. Thereafter, the 
system estimates the demand of slots for data transmission 
as illustrated at 128 and estimates the contention interval 
size that renders supply equal to demand as illustrated at 
130. 

If there is an overload condition as determined at 124, 
then as illustrated at 132 there is an estimation of the 
contention size that maximizes contention throughput in the 
overload condition. 

Referring to FIG. 16, what is shown is a flow chart 
describing a method for determining the threshold of an 
overload. Here, this is initiated at 134 and as illustrated at 
136 the system sets the threshold overload equal to the 
number of slots in the current frame divided by the product 
of the number of slots in the previous frame and the expected 
number of slots required per reservation attempt. 

Referring to FIG. 17, what is shown is a flow chart 
describing a method for estimating the supply of slots for 
data transmission. Here the process is started at 140 and a 
current frame size is obtained at 142. Thereafter as illus- 
trated at 144, the system sets the supply equal to the current 
frame size minus the number of slots to be allocated to the 
contention interval. 

Referring to FIG. 18, what is shown is a flow chart 
describing a method for estimating demand of slots for data 
transmission. Here as illustrated at 150, the estimate for the 
demand of slots for data transmission is initiated. Thereafter 
as illustrated at 152, the system obtains the average number 
of slots for data transmission per reservation request. As 
illustrated at 154, this is followed by a determination of the 
expected number of successful reservation requests fol- 
lowed as illustrated at 156 by setting the demand equal to the 
product of the expected number of successful reservation 
requests and the average number of slots for data transmis- 
sion per reservation request. 

As illustrated in FIG. 19, a flow chart is presented 
describing a method for estimating the contention interval 
size that renders supply equal to demand. Here as illustrated 
at 160, the process is started. Thereafter as illustrated at 162, 
the system sets the estimates of demand and supply of slots 
for data transmission to be equal to obtain the balanced 
equation. 

As illustrated at 164, it is ascertained whether there is a 
requirement for a linear approximation. If not, as illustrated 
at 166, the balance equation is solved numerically to deter- 
mine contention interval size. If a linear approximation is 
necessary then as illustrated in 168, the system determines 
the linear approximation for the desired contention interval 
size. 

Referring now to FIG. 20, a flow chart is presented 
describing a contention schedule utilizing a tentative allo- 
cation. Here, as illustrated at 170 contention scheduling is 
initiated. Thereafter as illustrated at 172, the system allo- 
cates a new frame, followed at 174 by obtaining request 
offered load. As illustrated in 176, the system determines a 
tentative contention interval size from the allocation of the 
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new frame and the request offered load. Thereafter as 
illustrated at 178, the system allocates a tentative contention 
interval to the current frame and determines at 180 whether 
there are any leftover slots. If so, as illustrated at 182, the 
leftover slots are allocated to the contention interval at 
which point the process is returned to the step of allocating 
a new frame. If there are no leftover slots, then the system 
returns directly to the step of allocating a new frame. 

Referring now to FIG. 21, what is shown is a flow chart 
describing the first method of determining a tentative con- 
tention interval size. Here this is initiated at 184 with the 
determination provided at 186 to estimate contention inter- 
val size that maximizes the contention throughput. 

Referring to FIG. 22, what is described is a flow chart 
describing a second method for determining a contention 
interval size in which as shown at 190, the process is 
initiated followed by a determination at 192 of the threshold 
of an overload. As illustrated at 194, the threshold is used to 
determine if there is an overloaded condition, and if there is 
no overloaded condition, then as illustrated at 196 the 
system determines the maximum contention interval size 
needed to maximize contention throughput in the non- 
overload region. If an overloaded condition is sensed, then 
as illustrated at 198, an estimation is made of the contention 
interval size that maximizes the contention throughput. , 

Referring to FIG. 23, what is shown is flow chart describ- 
ing a third method for determining contention interval size. 
Here, as illustrated at 200, the process is begun, followed by 
a determination of the threshold of an overload as illustrated 
at 202. If there is no overloaded condition as illustrated at 
204, then as illustrated at 206, the system determines a 
piece-wise linear lower-bound solution to the balanced 
equation. If there is an overloaded condition then, as illus- 
trated at 208, the system estimates contention interval size 
that maximizes contention throughput. 

Referring now to FIG. 24, a flow chart is shown describ- 
ing a method for estimating contention interval size that 
maximizes contention throughput. Here as illustrated at 210, 
the estimation process begins, followed by the setting the 
contention interval size equal to the product of request 
offered load in the previous frame, the number of slots in the 
previous frame and the number of slots per contention 
opportunity as illustrated at 212. 

As illustrated in FIG. 25, a flow chart is shown describing 
a method for determining maximum contention interval size 
needed to maximize contention throughput in a non- 
overload region. Here, as illustrated at 214, the process is 
begun followed by a process illustrated at 216 in which the 
system sets the contention interval size equal to the product 
of the number of slots in the frame and the number of slots 
per contention opportunity divided by the expected number 
of slots required per reservation attempt. 

Referring now to FIG. 26, what is shown is a flow chart 
for determining a piece-wise linear lower-bound on solution 
to the balanced equation. Here the process is begun as 
illustrated at 220 followed by a decision at 222 as to whether 
or not the request offered load is greater than the threshold 
of an overload divided by 2.7183. If not, as illustrated at 224, 
the contention interval size is set equal to the number of slots 
in the current frame minus the maximum achievable 
utilization-adjusted demand of slots for data transmission 
due the successful request transmissions in the frame. There- 
after as illustrated in 226, the system sets the contention 
interval size equal to the product of the number of slots in 
the frame and the number of slots per contention opportunity 
divided by the expected number of slots required per reser- 
vation attempt. 
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If the request offered load is greater than the threshold of embodiment. Specifically, the method of allocation is based 

overload divided by 2.7183, then the process jumps to the on a piece-wise linear function of the request offered load, 

process illustrated at 226. with three linear segments, such that its value decreases 

It is to be noted that piggybacking load may be implicidy linearly in when the request offered load is light, has a 

accounted for in the subject system by reducing the value of 5 constant non-zero value in the request offered load is 

p appropriately. While the request offered load for conten- moderate, and increases proportionally with request offered 

tion can be decreased by piggybacking, the result is that the load when the system is overloaded 

effective demand for data transmission slots per contention both ^^f^ of *c second embodiment and the 

request is increased accordingly. For example, a particular variation of the third embodiment, should there be any 

method for estimating the aveTage number of slots reserved 10 ^overstate in the frame after allocating the remaining slots 

c , , , 4 & , * , . . . . . . 4 . for data transmission, the leftover slots are included in the 

for data packets per request while taking into consideration contention interval Q £ me frame 

the effect of piggybacking has been outlined by Sala, et al. Jt i& pQSsible ^ ^ m ^ allocation of sbts ia the 

It is to be noted that fragmentation overhead may be data interval, there are aot enoug h slots in the remainder of 

implicitly accounted for by reducing the value of p appro- mc framc {Q accommo date an additional packet or packet 

priately. When a data packet is fragmented into smaller is fragment, which is pending transmission. In this case, the 

packets, each of these smaller packets is concatenated with frame is expanded by as many slots as needed to accom- 

a fragmentation header to identify, among other things, the modate the packet or packet fragment. Provided that (J max - 

original packet as well as the position of the smaller packet T mi>1 ) is at least the size of the largest packet, the resulting 

within the original packet. frame size is bounded from above by T max . 

If the size of each frame is either fixed or known when it 20 Having now described a few embodiments of the 

is time to determine the allocation for the frame, then it is invention, and some modifications and variations thereto, it 

straightforward to apply the present invention to allocate should be apparent to those skilled in the art that the 

contention opportunities in the frame. If the size of each foregoing is merely illustrative and not limiting, having been 

frame is not known a priori, but may vary from a predeter- presented by the way of example only. Numerous modifi- 

mined minimum value, T^, to a predetermined maximum 25 cations and other embodiments are within the scope of one 

value, T max> wherein U-U is at least the size of the of ordinary skill in the art and are contemplated as falling 

largest packet, then the invention may be modified to within the scope of the invention as limited only by the 

accommodate such a variation. In this case, TW, the size of »PP^J ^tZedt' 

the current frame, is initially assumed to be T mf _, and a a ' .. .. , ■ 

* * r ~u f i f .i -j • 4 t „ 1. A method for selecting a contention interval size, in a 

tentative number of slots are first allocated in the contention 30 , . 6 , , , ' , 

, c , * u *u * .u* • . it ♦ shared medium communication network wherein a shared 

interval of frame k, such that this tentative allocation is at , t • 

, *u ii ** • *u c a~ slotted channel is divided into successive frames, each 

least as conservative as the allocation in the case ot prede- . , . , ^ . . c 

. • a p • c , i . #u ™ . ^ , p. f _ • including a contention interval for transmission of 

termined frame sizes. Should there be any leftover slots in , . . 1 A i , - . , r 

a frame after allocating the remaining slots for data contention-based reservation requests and a data interval for 

transmission, the leftover slots are included in the contention 35 J^^ aan ° f contentl0n - free data P ackets > uprising the 

interval of the frame. steps o . «.,,,., , 

If it is known that T m ^m]ST the second embodi- either specifying a request offered load in the network 

ment may be modified as shown in FIG. 12. Specifically, the based 011 a P riori knowledge or estimating a request 

number of slots to be initially allocated in the contention offercd load in thc network based on a hlstor y of 

interval of frame k is given by 40 contention outcomes; and, 

selecting the contention interval size to be a convex 

M*>max {g[k-i]7l*-iK W R> p)T min R} function of the request offered load, wherein the convex 

Equivalently, M[k>b(H, R, p)T min R for request offered ^ ciion * one that has a single minimum value, is 

load in the range 0Sgfr-l]Stf 0 -b(H, R, p)WT[k-l], non-mcreasing for request offered load up to the point 

and M[k]=grk-l]Tlk-l]R for higher request offered load. 45 * which the function achieves the mmmium value, and 

As illustrated in FIG. 12, the above variation of the second LS non-decreasing for larger request offered loads, 

embodiment retains much of the characteristics of the sec- 2 - The method of claun wherein each contenUon 

ond embodiment. Specifically, the method of allocation is to*™* of a P luralit y of contention opportunities, 

based on a piece-wise linear function of request offered load, where * each contention opportunity is composed of a 

with two linear segments, such that it has a constant non- 50 predetermined number of slots, and wherein the contention 

zero value for request offered load ranging from zero to outcomes are determined by the number of requests trans- 

nearly the overload threshold and increases proportionally mitted in each contention opportunity being either no 

with request offered load otherwise. rea i uest transmitted, said contention outcome referred to as 

If it is known that T m ^Ttk]iT m ^ the third embodi- idle i or a sin g le rec l uest transmitted, said contention outcome 

ment may be modified as shown in FIG. 13. Specifically, the 55 referred to as success; or when multiple requests are 

number of slots to be initially allocated in the contention transmitted, said contention outcome is referred to as colli- 

interval of frame k is given by S10 i l " . 

3. The method of claim 2, wherein the contention interval 

M[k}-mBx fel*-iPl*-i]X W P) T m/« R > CW^-iFt*-!] size, which is a convex function of the request offered load, 

H! &} 60 is derived from a method of balancing frame-by-frame 

Equivalently, M[k]=T min -g[k-l]TXk-l]H/p for request estimates of: 

offered load in the range Oigfk-ljigVe, M[k]=b(H, R, supply of slots for transmission of contention-free data 

p)T min R for request offered load in the range gVe^gfk- packets; and, 

l]=g'o, and M[k]=g[k-lJItk-l]R for higher request offered demand of slots for transmission of contention-free data 

load, where g' 0 -b(H, R, p)T mi> /IIk-l]. 65 packets. 

As illustrated in FIG. 13, the above variation of the third 4. The method of claim 3, wherein the estimate of the 

embodiment retains much of the characteristics of the third supply of data slots for transmission of contention-free data 
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packets in a current frame is the number of slots in the frame 
minus the number of slots allocated to the contention 
interval of the frame. 

5. The method of claim 4, wherein the estimate of the 
demand of slots for transmission of contention-free data 
packets in a current frame is derived from a method com- 
prising the steps of: either specifying an average number of 
data slots reserved by each accepted reservation request 
based on a prior knowledge or estimating an average number 
of data slots reserved by each accepted reservation request 
based on a history of reservation requests; 

determining an expected number of reservation requests 

that would be successfully transmitted in the contention 

interval of the current frame; and, 
multiplying the expected number of reservation requests 

and the average number of data slots reserved by each 

accepted reservation request. 

6. The method of claim 5, wherein the expected number 
of reservation requests that would be successfully transmit- 
ted in the contention interval of the current frame is adjusted 
up by a factor that accounts for the desired utilization of the 
available shared bandwidth. 

7. The method of claim 1, wherein the value of the request 
offered load at which the convex function achieves its 
minimum value is equal to the number of slots in the current 
frame divided by the product of the number of slots in the 
previous frame and the expected number of slots required 
per reservation attempt, and wherein the expected number of 
slots required per reservation attempt is a sum of an expected 
number of slots required for data transmission per reserva- 
tion attempt and the number of slots per contention oppor- 
tunity. 

8. The method of claim 7, wherein the value of the offered 
load at which the convex function achieves its minimum 
value divides the range of values of all feasible request 
offered loads into two operation regions, each region with a 
different policy for allocating bandwidth in the contention 
interval. 

9. The method of claim 8, wherein one region is a 
non-overload region and consists of request offered load 
values smaller than the value of the request offered load at 
which the convex function achieves its minimum value and 
wherein the other region is an overload region and consists 
of request offered load values at least as large as the value 
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slots for transmission of contention-free data packets is the 
maximum number of slots needed to maximize contention 
throughput in the contention interval, given any request 
offered load within the non-overload region. 

13. The method of claim 10, wherein the lower-bound on 
r.umber of slots needed to balance the supply and demand of 
slots for transmission of contention-free data packets is the 
maximum of the maximum number of slots needed to 
maximize contention throughput in the contention interval 
given any offered load within the non-overload region and a 
linear function of the offered load, wherein, when the offered 
load has a value zero, the function has a value equal to the 
frame size: and, 

when the offered load has a value equal to that of the 
offered load at the threshold of overload divided by e, 
the function has a value equal to the maximum number 
of slots needed to maximize contention throughput in 
the contention interval, given any request offered load 
within the non-overload region. 

14. A method for selecting a contention interval size, in a 
shared medium communication network wherein as shared 
slotted channel is divided into successive frames, each 
including a contention interval for transmission of 
contention-based reservation requests and a data interval for 
transmission of contention-free data packets, comprising the 
steps of: 

ascertaining the request offered load in the previous 
frame; and 

utilizing the request offered load determined by ascertain- 
ing the request offered load in the previous frame to 
specify the contention interval, 
wherein the step of specifying the contention interval 
includes the steps of providing a non-overload region 
and a overload region of the request offered load 
making a minimum allocation required to balance 
supply and demand of slots for data transmission for 
the non-overload region and making an allocation 
that maximizes contention throughput for the over- 
load region. 

15. A method for selecting a contention interval size, in a 
shared medium communication network wherein as shared 
slotted channel is divided into successive frames, each 



of the request offered load at which the convex function 45 including a contention interval for transmission of 



achieves its minimum value. 

10. The method of claim 9, wherein the policy for 
allocating bandwidth in the contention interval when the 
offered load falls in the non-overload region comprises one 
of the steps of: either allocating, in the contention interval, 
a tentative number of slots based on a lower-bound on the 
number of slots needed to balance the supply and demand of 
slots for transmission of contention-free data packets: or 
allocating, in the data interval, as many reserved slots as 
permissible for data transmission; and, 

filling up the remainder of the frame with contention 
opportunities, provided there are any leftover slots. 

11. The method of claim 10, wherein the lower-bound on 
number of slots needed to balance the supply and demand of 
slots for transmission of contention-free data packets is the 
number of slots needed to maximize contention throughput 
in the contention interval, given the request offered load. 

12. The method of claim 10, wherein the lower-bound on 
number of slots needed to balance the supply and demand of 
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contention-based reservation requests and a data interval for 
transmission of contention-free data packets, comprising the 
steps of: 

ascertaining the request offered load in the previous 
frame; and utilizing the request offered load determined 
by ascertaining the request offered load in the previous 
frame to specify the contention interval, 

wherein the step of specifying the contention interval 
includes the steps of providing a light load region, a 
moderate load region and a overload region of the 
request offered load, making an allocation that is lin- 
early decreasing function of the request offered load for 
the light load region making a minimum allocation 
required to balance supply and demand of slots for data 
transmission for the moderate load region, and making 
an allocation that maximizes contention throughput for 
the overload region. 
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